Improving crop management inputs with remote sensing devices is an emerging technology. This study documented the progression of the normalized difference vegetative index (NDVI) during the life cycle of corn (Zea mays L.), evaluated the spatial variability of corn growth in terms of the CV (calculated from NDVI readings), and documented the relationships between NDVI, CV (calculated from NDVI), and grain and biomass yields and plant density. Four rows, 30 m in length, from two locations during 2 yr were randomly selected for this study. An optical sensor was used to collect NDVI readings at multiple growth stages during the life cycle of corn. The NDVI increased with progression of vegetative growth stages until V10, where a plateau was encountered, followed by a decline in NDVI after the VT growth stage. Coefficient of variation data from the NDVI readings revealed two dominant peaks during the life cycle of corn, one between the V6 and V8 growth stages and the second during the late reproductive growth stages. The CV data illustrated that the greatest variation expressed by corn during the vegetative growth stages was between the V6 and V8 growth stages. The highest correlation of NDVI with corn grain yield was found at the V7 to V9 growth stages; likewise, CV and plant density were also more highly correlated from V7 to V9. The CV from NDVI readings was highly correlated with grain and biomass yields at all growth stages.
R EMOTE SENSING TECHNOLOGY is increasing in popularity in agricultural settings. Today, there is a wide variety of uses for remote sensors and nearly all applications continue to undergo updates and revisions to improve their effectiveness. Along with the many sensors, there are also many different indices produced by these various sensors. For this study, our focus was on better understanding the NDVI in corn production. Vegetation indices such as NDVI have a direct relationship with crop canopy attributes such as biomass and grain yield (Ashcroft et al., 1990; Anderson and Hanson, 1992) . Single wavelengths in the 510-to 760-nm range or spectral vegetation indices such as the green simple ratio index (GSRI) and green normalized difference vegetative index (GNDVI) were proposed as predictors of corn grain yield (Elwadie et al., 2005) . The normalized difference vegetative index is an index developed from two important wave bands: the red and near infrared. According to Knipling (1970) these two bands have unique features. Reflected red radiation is known to negatively correlate with green leaf area, whereas reflected nearinfrared radiation is known to positively correlate with leaf area (Knipling, 1970) . The index is given by NDVI 5 r NIR 2 r Red r NIR 1 r Red where r NIR is the fraction of emitted near infrared (NIR) radiation returned from the sensed area (reflectance) and r Red is the fraction of emitted red radiation returned from the sensed area (reflectance).
In a study designed to compare different vegetation indices as a means of assessing canopy variation and its impact on corn yield, Shanahan et al. (2001) showed that GNDVI values derived from images acquired during midgrain filling were the most highly correlated with grain yield. According to Gilbert et al. (1996) , a significant logarithmic (r 2 5 0.96, P , 0.01) relationship was observed between NDVI and biomass where, after canopy closure, the biomass continued to increase after NDVI reached its maximum value. A study that compared N fertilizer recommendation based on NDVI and corn yield measurements showed that, at the V8 to V9 growth stage, the remotesensing-based N recommendation model was more accurate than models based on yield (Clay et al., 2006 ).
An additional benefit that sensor technology adds to production agriculture is the ability to quantitatively identify variability within a field. When considering the spatial resolution of photographic images, Simonett (1983) stated that spatial resolution may be defined as the minimum distance between two objects that a sensor can record distinctly. Independent of resolution or amount of variability, many studies have shown that variability has a negative impact on yield (Krall et al., 1977; Nielsen, 2001; Nafziger et al., 1991; Raun et al., 1986; Raun and Johnson, 1999) .
The CV is a statistical parameter that can easily be used to calculate the variability in NDVI measurements taken across a given area. Freund and Wilson (2003) defined CV as the ratio of the standard deviation to the mean, expressed in percentage terms, or simply the standard deviation as a proportion of the mean. Washmon et al. (2002) used CV (calculated from Landsat satellite images) to evaluate variability in wheat (Triticum aestivum L.) and indicated that if within-field CVs could be predicted, yield estimations should improve.
This study documented the progression of NDVI and CV with time, which is similar to that found by Raun et al. (2005) . The study conducted by Raun et al. (2005) took place in Texcoco, Mexico. The difference in climate, crop growth period (April-August vs. July-December) and the fact that the study was conducted for only one growing season raised doubt as to whether a phenomenon or a common trend was observed. The data collected in Mexico, however, does follow the same trend as the data collected in this study (in the central USA). This study includes multiple-year data with the complete progression of NDVI and CV of NDVI throughout the complete life cycle of corn. Also, other treatments were avoided to keep from imposing unwanted effects on the outcome of NDVI and CV of NDVI.
The objectives of this study were to: (i) document the progression of NDVI during the life cycle of corn; (ii) evaluate the variability of corn growth in terms of CV during the life cycle of corn; and (iii) determine if relationships exist between NDVI, CV (calculated using NDVI), and grain and biomass yields and plant density.
MATERIALS AND METHODS
Two experimental sites were established in the spring of 2003, one at the Stillwater (EFAW) Research Station in Stillwater, OK, on an Easpur loam (fine-loamy, mixed, superactive, thermic Fluventic Haplustoll) and one at the Lake Carl Blackwell Research Station west of Stillwater on a Pulaski fine sandy loam soil (coarse-loamy, mixed, nonacid, thermic Typic Ustifluvent). The production system used conventional tillage in a rainfed environment. Two Bacillus thuringiensis (bt) gene enhanced corn hybrids identified by their maturity (108 or 111 d) were used in this study (planting dates, harvest dates, plant densities, maturities, and grain moisture are reported in Table 1 ).
Four rows, 30 m in length, were randomly identified at each location (from an area .2 ha). Two rows at each location in 2004 were thinned to the density reported in Table 1 to evaluate differences due to plant density. Within each row, the cumulative distance of each plant from the beginning of each row was recorded at the V3 to V5 growth stage using a tape measure extended the length of the row. Plant locations were documented to evaluate relationships between collected data and plant density (computed using plant location measurements).
A GreenSeeker hand-held optical sensor (NTech Industries, Ukiah, CA) was used to record NDVI measurements at each growth stage (data accumulation started at the V3 growth stage at all locations and years except at Lake Carl Blackwell in 2003, which began at the V6 growth stage) during the course of this study (growth stages at which data were accumulated are reported in Table 2 ). Each growth stage was identified using the classification terms developed by Iowa State University (1993) . The sensor unit was manually carried with the data collection region of the sensor (sensor head) in the nadir position 0.8 m directly above the corn canopy. The sensor was carried at a relatively constant pace the length of each (30-m) row to collect approximately 600 readings per row.
The mean NDVI and CV of NDVI were calculated for each row at each respective growth stage. At physiological maturity, the aboveground biomass was hand harvested and calculated for each plant, then averaged for the entire row (harvest dates are reported in Table 1 ). The ears were removed from each plant and dried in a forced-air oven at 758C for 4 d, at which time the weights were recorded. The kernels were removed from the ears and reported as grain yield. The corn grain and plant biomass yields reported in Table 3 were calculated for each row and averaged for each location. Correlation of grain yield, biomass yield, and plant density with NDVI and CV of NDVI was determined using the correlation procedure in SAS (SAS Institute, 2002) .
RESULTS AND DISCUSSION Normalized Difference Vegetative Index with Time
The NDVI readings that were collected throughout the life cycle of corn followed the expected trend of vegetation coverage with time. As corn plants emerged, biomass per unit land area was small, and NDVI values were low ( Fig. 1-4) . The average NDVI of all rows at all sites during vegetative growth was lowest at the V3 growth stage because soil reflectance dominated the NDVI measurement. As plants grew and developed, however, NDVI rapidly increased (between growth stages V3 and V10) as the canopy covered the soil with overlapping leaves (Fig. 1-4 ). During these stages, it was apparent that NDVI was proportional to the level of vegetation coverage. There were only small changes in the NDVI values between the V10 growth stage and the VT growth stage, reaching a maximum value at or just before tasseling. At the point of canopy closure, the sensor was almost exclusively measuring plant material. Therefore, the data acquired after canopy closure involved almost no red reflectance, so changes in NDVI thereafter relied on NIR differences. When tassels were fully emerged, NDVI decreased due to the yellowing of mature tassels. As plants entered the reproductive stages and senescence occurred on the lower portions of the plant, NDVI decreased more rapidly. As senescence moved to the top of the plant, NDVI was depressed as low as 0.30.
Differences in NDVI across locations were encountered in both years of this study. These differences are due to natural differences in soil type, texture, water holding capacities, and differences in timely rainfall that ultimately influenced the growth of the corn. During the tassel period, abnormal deviations in NDVI (usually lower values) were probably due to the low quantity of chlorophyll present in the tassel. 
Coefficient of Variation with Time
Figures 1 to 4 show the data for each specific site for both years. During the early growth stages (V3-V4), the NDVI data were generated from the soil surface and a very small portion of plant material. Therefore, CVs (calculated from NDVI) for each row were low. Coefficient of variation values reached a maximum between the V6 and V8 growth stages (Fig. 1, 3 , and 4). At this peak, the plants did not accumulate enough vegetation to cover the within-row soil surface, and expressed the greatest amount of variability. After one to two additional growth stages, a rapid decline in variability followed at all sites ( Fig. 1-4) .
The CVs reached a minimum value at or just before the VT growth stage, followed by another rapid increase in CV (Fig. 1-4) . These growth stages (V12-VT) correspond to the time at which the NDVI values reached their highest point, as illustrated in Fig. 1 to 4 . As a visual determination, the corn at the V10 to V12 growth stage appeared to be at the most uniform stage, as differences were very difficult to recognize. Likewise, the CV data generated with time reached its lowest value just before tasseling, when complete canopy coverage and leaf overlap created the most homogeneity encountered in the growing season. Immediately after tasseling, the small peak in CV values expressed in some years (e.g., EFAW 2003) was probably due to the full expression of the tassels and the uneven tassel emergence (Fig. 1) . This small peak carried over into the early reproductive growth stages (R1-R2) at the EFAW location.
After the reproductive stages (R2-R5), the expressed CV of the NDVI values increased and as a result, the highest CVs were found at these growth stages. As senescence occurred, the sensor measured NDVI from leaves containing a wide range of green and non-green color intensities. The highest CVs were found as the plants approached full maturity, when the senescence neared the top of the plant and the lighter color had a greater impact on NDVI values.
Some differences can be noted in the 2004 growing season due to differences in plant density. The purpose of implementing variation in plant density was to more fully understand how the density affects the CV with time. In Fig. 3 and 4 , there is a trend for the lower density to display elevated CVs. Although the CVs increased in the lower density, the trend for the CV with time remained the same; more specifically, the vegetative growth stage at which a peak was observed did not change. Other differences in CV observed at other locations (similar to NDVI) were probably due to soil differences or water availability changes.
Corn Grain and Plant Biomass Yields
At the early growth stages (V3-V5), both grain and biomass yields were poorly correlated with NDVI (R 2 , 0.12, P . 0.26), but increased between the V6 and V7 growth stages (R 2 , 0.29, P . 0.03) and was the highest from the V8 to the V12 growth stage. Between the V8 and V12 growth stages, the correlation of NDVI with grain and biomass yields were at P , 0.008 and R 2 5 0.56 to 0.66 for grain yields and P , 0.006 and R 2 5 0.59 to 0.66 for biomass yields. The highest relationship for any one growth stage was found at V8 for both grain and biomass yields (R 2 5 0.66; Table 2 ). Since NDVI was highly correlated with grain and biomass yields at the V8 growth stage (for the locations and years of this study), the V8 growth stage is probably the most appropriate stage to evaluate corn for potential grain yield and biomass estimation. At all locations, the expressed variability was greatest at the V6 to V8 growth stage (high CV) compared with the later growth stages.
Plant Density
Arnall (2004) used an optical sensor to evaluate the relationship of CV of NDVI readings to plant density in wheat. He found that CV increased as plant density decreased and established a critical CV using a linear plateau model. He concluded that adding an estimate of plant density to yield prediction models can improve the model. This study showed that the CV of NDVI measurements and NDVI alone were related to plant density ( Table 2 ). The stage with the highest correlation of CV to plant density was between V7 to V9 (R 2 . 0.85, P , 0.0001, negative relationship; Table 2 ). At the earlier growth stages (V3-V6), the correlation was between 0.59 and 0.77 (inversely related). After the V9 growth stage, the R 2 decreased from 0.85 to 0.56 (negative relationship) at V10 and continued to decrease thereafter. At the V6 to V12 growth stages, NDVI was related to plant density (R 2 5 0.30-0.72, P , 0.05), but no statistically significant correlation was found before the V6 or VT growth stages.
Based on these results, plant density can be estimated in corn via CV generated from NDVI readings. The relationship decreased dramatically as canopy closure occurred (V10 growth stage), thus suggesting that sensor technology application for assessment of plant density should occur before the V10 growth stage.
Determining the variability within each fixed area via CV generated from remote sensors could be very important. In corn, CV (calculated from NDVI) could allow the estimation of plant density, thus revealing the areas where plants are too sparse to reach the yield potential of other areas with a greater plant density. To illustrate this, Table 3 clearly shows that the low densities in 2004 did not achieve the same yield as the higher densities. Here, the only difference between Rows 1 and 2 and Rows 3 and 4 was the density (P , 0.05), creating a reduction in mean grain yield of 2536 and 1341 kg ha 21 at EFAW and Lake Carl Blackwell, respectively.
Plant density was related to grain yield (R 2 5 0.64, P , 0.0002) and biomass yield (R 2 5 0.71, P , 0.0001). Again, this illustrates the positive relationship between plant density and yield (both grain and biomass). It should be noted that although relationships exist between plant density and yield, both yield and plant density could be influenced by other factors included in this experiment. It could also be inferred from the relationships described here that the CV of NDVI readings and the yield of both grain and biomass would be related, which was an additional result of this study. Grain and biomass yields were related to CVat R 2 . 0.52 and P , 0.05 (containing a negative slope) for a wide range of vegetative growth stages (V3-VT; Table 2), thus showing that the yield decreases as the variability in the corn increases.
CONCLUSIONS
Corn grain and plant biomass yields were found to have the highest correlation with NDVI from the V8 to V12 growth stages, which is similar to other studies. Plant density was highly correlated with the CV from NDVI readings at the V7 to V9 growth stages and decreased at V10. Also, corn grain and biomass yields were correlated with plant density and negatively correlated with CV. Therefore, the CV of NDVI measurements should be able to improve yield potential estimation above that of NDVI alone. The CV could be used to assess the influence of plant spacing on yield or could be used to identify a threshold CV in corn similar to that of Arnall (2004) .
Little work has been done using CV as a predictor for grain yield. By using CVas an indicator of the magnitude of variability within a field, it could become important. Additional research is required, however, to confirm this and the proper scale at which CV should be used.
By combining the results found from NDVI generated with time, CV with time, yield, and plant spacing, the optimum growth stage at which remote sensors could be used can be deciphered for the various uses of remote sensors.
